Background: Pathogenic BRCA1 mutations are usually inherited. Constitutional low-level BRCA1 mosaicism has never been reported.
Heterozygous germline mutations in the BRCA1 and BRCA2 (MIM *113705*600185) genes detected in a subset of high-risk breast/ ovarian families are used clinically to objectively assess lifetime risks for developing these and other cancer types, and can have an impact on recommendations for early detection and risk-reducing surgeries (Petrucelli et al, 2010) . DNA sequencing of the tumour tissue can be used to detect somatic mutations that may define therapeutic targets and refine treatment options Ali et al, 2014) . However, a third case is rarely consideredsomatic mutations in either gene acquired early in embryonic development, which establish a predisposition for disease but which are not detected by traditional sequencing technologies. The gold standard for detecting BRCA genes' sequence variants has long been Sanger sequencing, but recently next-generation sequencing (NGS) technologies have emerged as a highly accurate and efficient alternative (Feliubadalo et al, 2013; Kurian et al, 2014) , with improved sensitivity for detection of mosaic events. Here we describe the occurrence of very low-level constitutional mosaicism of a pathogenic BRCA1 gene mutation and the possible implications of this novel finding.
MATERIALS AND METHODS
All mutation analyses were performed using an ethically approved protocol, subsequent to informed consent. NGS of 29 hereditary cancer genes in DNA extracted from the blood was performed at Invitae (San Francisco, CA, USA), a clinical laboratory improvement amendments-approved laboratory, using Invitae's Hereditary Cancer Panel (Kurian et al, 2014) . The tested genes included APC,  ATM, BMPR1A, BRCA1, BRCA2, BRIP1, CDH1, CDK4, CDKN2A,  CHEK2, EPCAM, MEN1, MET, MLH1, MSH2, MSH6, MUTYH,  NBN, PALB2, PALLD, PMS2, PTCH1, PTEN, RAD51C, RET,  SMAD4, STK11, TP53 and VHL. Targeted genes were captured from genomic DNA extracted from whole blood using SureSelect probes (Agilent, Santa Clara, CA, USA) or xGen Lockdown probes (Integrated DNA Technologies, Coral, IL, USA). Next-generation DNA sequencing (NGS) was carried out on the MiSeq or HiSeq 2500 platform (Illumina, San Diego, CA, USA) to a minimum of 50 Â required to report an alteration at any site. Sequence reads were aligned against the reference human genome sequence and sequence variants (single-nucleotide changes, insertions and deletions), as well as copy number variants (deletions and duplications), and were called from the NGS data. Sequence analysis was performed for all targeted genes and copy number analysis was performed for all genes except CHEK2, PALLD and MET. Procedures were implemented to ensure adequate NGS coverage and quality over the targeted genes, to detect sample swaps and to detect sample cross-contamination.
Somatic analysis was performed using a test based on massively parallel DNA sequencing across 287 cancer-related genes from routine formalin-fixed and paraffin-embedded clinical specimens, both from the breast tumour and the healthy breast tissue (Foundation Medicine, Cambridge, MA, USA). Reference samples of pooled cell lines that model key determinants of accuracy, including mutant allele frequency, indel length and amplitude of copy change. The percentage of reads with the alteration was communicated by e-mail.
RESULTS
Case report. The proband, a Jewish woman of mixed Ashkenazi (paternal) and Bulgarian (maternal) origin was diagnosed with a large (8 Â 10 cm), triple-negative, high-grade, high ki67 (60%), invasive unilateral breast cancer at age 43 years. Her family history pertaining to cancer included a daughter with acute lymphatic leukemia at age 18 months, a brother with a CNS tumour at age 45 years, a father with a malignant CNS tumour at age 58 years, a maternal grandfather with a malignant tumour of unknown pathological features in his 70s and two of this maternal grandfather's sisters who were diagnosed with breast cancer at unknown ages. The patient was treated with standard neoadjuvant chemotherapy consisting of four cycles of doxorubicin/cyclophosphamide and 12 weekly cycles of paclitaxel and carboplatin. Neoadjuvant chemotherapy was followed by bilateral mastectomy (therapeutic mastectomy and contralateral, risk-reducing mastectomy) and reconstruction. At surgery, residual tumour was evident and was followed by chest and lymphatic region irradiation. Pathologically confirmed, triple-negative breast cancer recurred in the reconstructed breast and in the contralateral reconstructed breast 3 months after radiotherapy. Systemic treatment with bevacizumab and capecitabine was followed by gemcitabine/cisplatinum with minimal, short lasting response. The patient died 15 months after initial diagnosis.
Genetic analyses. Next-generation DNA sequencing of 29 hereditary cancer genes in DNA extracted from the blood identified a pathogenic BRCA1 mutation in 5% of reads (B3000 Â at this locus): c.1953dupG (NM_007294.3), which leads to a lysine to glutamine alteration in codon 652 and a premature stop codon 21 amino acids downstream (p.Lys652Glufs*21). No other pathogenic mutations were detected in any of the other analysed cancer susceptibility genes. A second independent blood draw and a buccal swab were also tested at Invitae (and blood draw 1 was tested again, to establish technical reproducibility) and a mosaic signal of 4.9%-6.8% was reproducibly detected in all samples. Earlier, Sanger sequencing of BRCA1 and BRCA2 in DNA extracted from peripheral blood, performed as part of the routine clinical workup at a different commercial lab, had not detected this mutation. However, careful evaluation of this locus in confirmatory Sanger sequence at Invitae did demonstrate the presence of a small peak (Figure 1) . Interestingly, tumour tissue from the right breast was sequenced by a commercially available somatic NGS assay (Frampton et al, 2013) and the same mutation, c.1943dupG, was detected in 47% of sequence reads (4500 Â coverage). The mutation was also detected in 5% of reads derived from normal tissue from the histopathologically normal left breast. Together, these results confirm that this individual is a constitutional mosaic for this mutation (Table 1) . Analysis of the maternal peripheral blood DNA using the Invitae deep-sequencing platform demonstrated the absence of this mutation.
Notably, for normal tissue samples, the percentage of cells that are heterozygous for the mutation is twice the percentage of sequence reads that carry the insertion. For tumour cells, the observed percentage of affected sequence reads depends on the homogeneity of the biopsy and may be confounded by acquired deletions on the opposite allele; thus, the percentage of cells carrying this mutation on one chromosome cannot be accurately estimated.
The c.1953dupG BRCA1 mutation is 129 bp away from a common SNP (c.2082C4T; rs1799949), which is also absent in the maternal DNA sample, indicating that the SNP identifies the paternally inherited allele. An analysis of reads spanning both positions (c.1953 and c.2082) identifies sequence reads containing both variants, indicating that the c.1953dupG mutation is in cis with the c.2082 variant and is on the paternal allele. This analysis also identifies the presence of reads containing the c.2082 variant and not the c.1953dupG mutation, a finding indicating that the c.1953dupG mutation was not inherited, but was acquired post fertilisation. 
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DISCUSSION
This case represents the first report of a very low-level constitutional mosaic pathogenic BRCA1 mutation. NGS studies of DNA extracted from three normal tissues (blood, buccal swab and normal breast tissue) detected the pathogenic variant in B5% of reads, while sequencing of tumour tissue detected the pathogenic variant in B50% of reads. These data confirm that this individual is a constitutional mosaic for this mutation and suggest strongly that this mutation is driving tumour development in this individual. Alternative explanations for this finding (circulating tumour cells, technical error and somatic mosaicism in the tumour alone) have been ruled out by identifying the same sequence change in two independent blood samples, in buccal tissue and in non-cancerous breast tissue at approximately the same detection levels. In previous reports of somatic BRCA1 mutations, only tumour cells harboured the mutant allele (Takahashi et al, 1995; Welcsh and King, 2001; Janatova et al, 2005; Zhang et al, 2012) .
The mutation in this individual had been missed in a clinical, Sanger-based sequencing assay of BRCA1 and BRCA2 of DNA extracted from the blood, as Sanger sequencing, in general, cannot reliably detect a mutation present at a load of o20% (Rohlin et al, 2009 ).This case illustrates the need to possibly consider genetic testing by applying deep-sequencing methodology in individuals whose clinical features are suggestive of a genetic predisposition, whose tumours show a BRCA mutation that cannot be confirmed with standard Sanger sequencing. In this case, the genetic predisposition was highlighted by an early age of onset, a triplenegative tumour (Gonzalez-Angulo et al, 2011) and breast cancer diagnosed in the contralateral breast within a few months after the initial diagnosis. Notably, family history is non-contributory, as the closest relatives with BRCA1-related tumours are third-degree relatives on the maternal side (the maternal grandfather's sisters) and the mother does not carry the mutation, and the mutant allele is paternally inherited, although the family history on the paternal side is not consistent with a BRCA1 phenotype.
A few cases of de novo constitutional BRCA1 or BRCA2 have previously been described, but most were detected in a heterozygous form in constitutional DNA and were not mosaic (Tesoriero et al, 1999; Robson et al, 2002; Hansen et al 2008; Edwards et al, 2009; Marshall et al, 2009; Garcia-Casado et al, 2011; Kwong et al, 2011; Zhang et al, 2011) or detected at a high frequency of 470% of cells (Delon et al, 2013) . The per cent of hereditary breast ovarian cancer cases that can be attributed to low-level constitutional mosaicism is not known at this time.
This case demonstrates conclusively that low-level constitutional mosaicism for pathogenic mutations in BRCA1 can be a cause of early-onset breast cancer, and the consistency of the load across tissue types suggests that this event occurred early in embryonic development. This notion is further supported by the lack of the same mutation in maternal constitutional DNA using deep sequencing. This case may offer new insights into clinical decision-making regarding genetic testing for breast cancer cases, and further expansion to explore the extent of the phenomenon is warranted. It also seems that NGS sequencing should be considered and discussed with affected individuals whose tumours display a BRCA mutation that cannot be demonstrated using Sanger sequencing. It seems that constitutional mosaics for a pathogenic mutation in BRCA1 similar to constitutional heterozygous mutation carriers should be counselled as to their own risk for contralateral breast cancer, ovarian cancer and cancer risks for their offspring. This work is published under the standard license to publish agreement. After 12 months the work will become freely available and the license terms will switch to a Creative Commons AttributionNonCommercial-Share Alike 4.0 Unported License.
